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Abstract 
Cltrasound echocardiography is widely used clinical technique, but images obtained using 
current technology are still processed manually with semi-automated methods. In contrast 
to this, the newly developed system works in an automated way, first obtaining a series 
of long and short axes views of the heart synchronised by the ECG in real time, then 
processing them off-line. ,·\fter detection of the internal edges of the left ventricle, the 
system determines the short/long axes areas, diameters, calculates the volume of the left 
ventricle frame by frame and, based on this, the ejection fraction for each cardiac cycle. 
The developed system is currently being tested and the results correlate well with 
data determined by other methods. 
Aeywords: computer analysis, biomedical engineering. ultrasound echo cardiography, im-
age processing. 
1. Introduction 
Left \'entricular volume measurements provide much useful information in 
diagnostic cardiology. These measurements enable determination vol-
umes throughout the cardiac with applications ill 
changes in valvular lesions, yalnIlar stemosis, ischaemic 
diomyopathic processes as v,el! as evaluation 
eluding vasodilator agents and yaive replacement 
Techniques used to measure left \'entricula,' 
angiography (including contrast angiography and 
, cine computed tomographic images and 
\'olume imaging. Biplane angiography has been 
1 The research )\'as carried out under the 
A.eademy of Sciences and also \vILh the support of the 
(OTKA F0241l2). A phase of the work was accomplished 
Centre for Cardiovascular Research, Griffith Cniversity. Brisbane. :'l.ustralia. in 1994. 
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for further studies. although it assumes the left ventricular chamber to be 
ellipsoid in shape, ignores the volume of the cavity taken up by the papillary 
muscles and requires invasive cardiac catheterization. 
In this study paired biplane t\vo-dimensional echocardiography has 
been used which involves the short axis vie\\" across the heart at the papil-
lary muscle level and a long axis vie\v taken from apex to base of the heart. 
An algorithm based on a model of the ventricular shape can then be used 
to calculate volumes of the left ventricle throughout the cardiac cycle. \Vith 
the volumes calculated it is possible to determine the ejection fraction and 
the volume changes in the entire cardiac cycle. 
Tv.:o-dimensional echocardiography also provides other very important 
data including ventricular wall motion and \yall thickening. By determining 
the ventricular contour, \\'all motion of indiyid ual points along the ventric-
ular edge can be followed. This can provide clinically useful data in terms 
of wall function or dis-function. 
As previous articles shO\\' [lJ, it is possible to use computer assisted 
methods to implement data processing. Although a variety of preliminary 
reports have endorsed the automatic tracking of the endocardial boundary 
[2], its wide usage has not been introduced in clinical practice yet. 
2. System Description 
2.1. System Objectiues 
The objective of the developed system is to provide a \vay in which images 
of the left ventricle. obtained from echocardiographic experiments, can be 
processed automatically with minimum interaction of the users such as doc-
tors or researchers, and useful data such as ejection fraction and wall motion 
throughout the entire cardiac cycle can be gained. 
The objectives of the system are the follO\\'ing: 
® Enable the collection of at least 10-20 frames by a cardiac cycle to 
make volume and wall motion curve determination possible. 
® Provide a method for pairing the images taken in short axis and long 
axis views and based on this 3D volume calculation. 
® Develop and implement an algorithm \\"hich can perform an automatic 
edge detection of the left ventricular wall on the echocardiographic 
images. 
® Implement various methods for volume calculation based on the cap-
tured images in order to provide comparable information for the vali-
dation processes. 
® Based on the result of the edge detection, calculate wall motion 
throughout the cardiac cycle . 
• The developed system has to be user-friendly. 
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Following the guidelines given by the objectives, a system called 
CarmA (Automated System for Cardiac Ultrasound Image Analysis) has 
been developed. This report contains the technical and physiological back-
ground, the system description, the performed validation processes and pro-
posals for further development. 
2.2. Practical Issues on Implementation 
Before and during the development of the system several questions emerged. 
It was useful to examine and solve them carefully before the final imple-
mentation. because it made the realisation easier and clarified the necessary 
steps and validation processes. Here are the most significant problems which 
occurred: 
® For calculating the volumes of the left ventricle it is necessary to have 
at least two views of the ventricle, preferably perpendicular. Based on 
these views it is then possible to calculate the volume of the ventricle 
frame by frame. The t\VO views. which were used are the short and 
long axes views. as they are the most standard views in ultrasound 
echocardiography. A typical calculation method can be seen in Fig. 1. 
Fig. 1. Simpson's Rule I for calculating the volume of the left ventricle 
® \Vith one echocardiography only one view can be obtained at a time 
and therefore the requirement set in the previous point cannot be 
fulfilled. To overcome this problem the heart was assumed to work in a 
steady state, namely each cardiac cycle is similar to the previous ones. 
at least over a short time interval. Therefore it is possible to obtain one 
series of images in one view, then turn the probe and acquire the next 
series in the next view. Pairing the images is done by synchronising 
the first image of both series. This can be performed by analysing the 
ECG signal provided on the video image. As the most characteristic 
part of the ECG signal is the QRS complex, the R wave was used to 
trigger the experiment. 
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• Due to the speed requirement it was advisable to divide the soft-
\vare part of the system into two parts, one is for real-time image 
capture (capture), the other is for image processing and analysis 
(CarmA). The main feature fro the capture part is the high speed, 
\'ihile CarmA runs off-line. 
2.3. System Components 
The basic configuration of the CarmA system can be seen in Fig. 2. A brief 
functional description of the parts will be given in the following paragraphs. 
Definitions 
r----, / ,;d,o ootput y ;m'g' outpu! 
Echo- IIIBM PC r: IBM PC 
cardio-
graph 
Real-time 
capture 
Video 
Recorder 
CarmA 
Off-line 
Fig. 2. Basic configuration of the system 
<iI Subject of experiment: Heart of an animal or person. 
E!> Probe: The probe of the echocardiograph which is used to emit and 
receive the ultrasound signals in order to obtain echocardiographic 
images. 
<iI Echocardiograph: The ultrasound system which is operated in two-
dimensional mode to obtain the images. Its video output is compatible 
with the standard PAL system. Therefore it can be used to transfer 
the obtained pictures to the videorecorder as well as to the computer's 
frame grabber board. 
<iI IBM PC-capture: Acquisition of the synchronised short and long 
axes image series is the task of this unit. Image series are synchronised 
by triggering on the R \vave of the ECG. 
<iI IBM PC-CarmA: The CarmA software performs all off-line image 
processing and analysis. Because of the number and size of the images 
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this unit cannot be implemented real-time on an IB'\1 PC compati-
ble computer 'with current technology, HO\vever. in the future \\'ith 
faster computers and hardware, real-time analyses can be possible, 
The CarmA software has been \\Titten in Borland C++ .5,0 as a 
Windows 9.5 application, The software has been designed to be user-
friendly and to fit in with the usual Windo\vs programming techniques, 
iq, Description of the Image Analysis System (Capture, CarmA) 
The capture program 'was written to perform real-time image digitisation 
and all other data collection necessary to carry out the experiments. It 
\':as implemented in a machine close assembly language and was optimised 
toward speed enhancement. Images were taken consecutively by switching 
between the 4 memory blocks of the frame grabber. while data transfer to 
the memory of the host computer was also performed in the background. 
B~' this method 20-:30 images, necessary for a cardiac cycle, were obtained. 
The flO\\' chart can be seen in Fig. 3. First short axis. then long axis images 
\\'ere taken and the image capture was triggered by ECG spike detection . 
.-\.fter real-time image acquisition, the main part of the soft\\'are pack-
age is performed off-line. As with all the ?-.Iicrosoft WindO\vs applications. 
the CarmA software is also an event-dri\'en soft\\'are package wit h a menu 
structure appearing on the screen after initialisation (Fig. 4), 
The flO\\'-chart of the image analysis process can be seen in Fig. 5. 
As the processing of a single image and the processing of Olle image from 
the series is exactly the same (in the present off-line \'ersion). the flO\\'-chart 
applies to both sit uatioIlS. The flO\\'-chan is a simplified picture of the image 
part. There aTe many other necessary processes defined which 
are not significant in the image processing but are essent ial 10 i he 
function of any software package. SOl'ne of these are error deTection uniT;'; 
and units 10 indicate the stage of cb the ('om 
carries out iIS analysis. 
First step on the raw images is smoothing to reduce the noise caused 
by the spikes that accompany any ult echocardiographic image. The 
smoothing is performed by a 3 X :3 averaging-smoothing filter. In order to 
determine the area carrying useful data an echo-finder algorithm detects the 
ultrasound cone. Assuming that the image contains the ventricle. an inner 
point of the ventricle is detected by minimising the fol!O\\'ing function: 
7(.r. y) 1 y2: 2: 
- i.jEi-':(x.y) 
a(1 \, ,y) - (i.j)I)I(i.j). (1) 
where I(i,j) is intensity of a pixel at the (i,j) co-ordinates and a(·) is a 
cost function based on the distance from the investigated pixel. As pixel 
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Fig. 3. Flmy-chart of the image digitisatioll process 
l."rfAGE ANAL YSI;; :'OPTIONS IWL'<uOWS 
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I 
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Fig. 4· The menu structure of the CarrnA system 
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Fig . .J. Simplified flow-chart of one-image analysis 
intensity increases in the tissue area. by finding the minimum of this function 
the darkest region can be found. therefore a point inside the ventricle can be 
detected. The correctness of this detection is decided in the next step. when 
a radial edge detection (2) filter is performed. For enhancement, histogram 
analysis and stretching is done before the edge detection. 
F( 1 { (" . . ,. - .r r' -;- 2) + .r(r' 
''), ) , 
.) 
1) +.r(r') -;r(r' - 1) -.1; 
\\'here r' is the distance from the previously determined ventricular 
.rC) is the local brightness. This filter finds the edge point when its 
value is larger than a predefined value. By actiL'e area calculation the validity 
of the detected edge cal1 also be determined. The detected edge is refined 
by eliminating inner dots and lines and also by smoothing (po8t-pl'Ocessing). 
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Obtaining all contour lines, areas and volumes can be calculated, and having 
all volumes of a cardiac cycle provides the ejection fraction also. 
Based on the detected edges. \\'all motion. its speed and acceleration 
can easily be calculated. This gives useful information on the functionality 
of different heart segments. 
:2.5. Cser Interface of the System 
As mentioned earlier, the whole system conception was to make a user-
friendly system. The user interface which seemed to best fit this requirement 
can be seen in Fig. 6. 
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Fig. 6. Lser interface of the program CarmA in \Yinclows enyirOllInent 
heart. short axis vie\\·. end-diastole) 
A typical screen can show an image. its histogram, and the ECG signal 
which belongs to the experiment. Furthermore \,'hen the experiment is pro-
cessed, the area/volume curves and text data can also be seen. All windows 
are resizeable and movable and they can be separately opened, closed and 
viewed. There is an extra window which can display all resulting images 
together with their edges. 
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3. Materials and Methods of the Validation 
Validation processes were carried out as a part of a larger study which 
focused on the role of the endogenous hormone, adenosine, in regulating 
cardiac efficiency in anaesthetised sheep with elevated cardiac work loads. 
The methods described below are valid for the whole validation process, the 
same animal experiments and methodology were used to answer the different 
validation questions. 
Csing an Ekoline Echo .5.500D echocardiograph with a Hewlett Packard 
.5 NIHz short focus mechanical oscillating transducer, the heart was imaged 
directly from its surface. Papillary level short axis and long axis views 
were recorded using PAL format and VHS video tape for subsequent off-line 
analysis. The apical 2 and 4 chamber views were not possible to be obtained 
as the transd ucer could not be placed in an appropriate position for such 
an analysis using a right sided thorocotomy. 
Image analysis was carried out by two methods 'which differed only 
slightly from one another, the greatest difference being the amount of oper-
ator time required. Both methods were off-line analyses of the pre-recorded 
images. One method used the fully automated edge detection system 
(CarmA) and the other used a semi-automated system (with the help of 
a cardiologist expert). The first step in the analytical process of both sys-
tems was to frame grab and digitise a sample cardiac cycle for both the long 
and short axis views of each set of measurements made. In the second step 
the CarmA system performed the automated data processing and parallel 
with this the cardiologist has prelimited the \'entricle on the frame grabbed 
images. As a final step the results were compared and statistically analysed. 
4. Results 
'lYe have obtained satisfactory results with automatic boundary detection in 
10 sheep with 103 series of images (.53 short axis, ,50 long axis) consisting of 
2060 pictures. In a series the frames followed each other in a 40 ms interval 
which enabled us to monitor the cardiac cycle precisely. \Yith the detection 
and tracking of the endocardial-blood interfaces the computer calculated the 
cavity areas and they were compared to the manually performed boundary 
detection. Fig. 7 shO\\'s a typical statistical result for one of the cardiac 
cycles. 
5. Discussion 
This report has discussed the development of a soft\\'are system, CarmA. 
Two-dimensional ultrasound measurements of the left \'entricle have been 
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Fig. 7. Comparison of the manual and automatic boundary detection. 
(Line fit y = 0,98x + 0 .. 50, r = 0.98) 
found to correlate well with angiographic, autopay (involving segmental cav-
ity areas) and reproducibility. This is consistent with recent findings using 
similar automatic boundary detection systems [3], [4],.[5]. 
The benefits of the discussed system: 
El) As images are available for the entire cardiac cycle, usually at least for 
two cardiac cycles, it is possible to calculate not only the end-systolic 
and end-diastolic areas and volumes of the left ventricle. but areas and 
volumes can be determined for each frame (usually 12-30 frames per 
cardiac cycle depending on the heart rate). Therefore not only the 
ejection fraction but the changes of the volume can also be analysed 
frame by frame. 
El) vVall motion of the left ventricular \yall can also be determined 
throughout the cardiac cycle. 
El) As the system is fully automatic, it gives an objective \vay of measure-
ment, eliminating the subjective elements of the edge detection \vhich 
is usually introduced by other methods. 
Further refinement is needed in order to analyse various sicknesses, 
as the system presently \vorks best with healthy, not largely distorted sick 
hearts. By faster and faster hardware, real-time processing has also become 
viable, parallel processing and a faster algorithm are aiso targets of future 
development. 
By using advanced image processing techniques, a computer can more 
efficiently analyse the blood-tissue interface and hence analyse changes in 
area, percent fractional area change and rates of area change over time. 
Comparison of this method of analysis with off-line manual methods have 
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highlighted the areas of the technique which require adjustment, to allow 
a clinically suitable system. Therefore at present the off-line automatic 
measurement system which was developed may be the balance point between 
a technology providing data in real-time and the earlier manual methods. 
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